The paper by Mochida et al. in this issue of Neuron proposes that synaptic facilitation, depression, and augmentation all arise from calcium-dependent regulation of calcium channels in the presynaptic terminal. Their proposal provides a unifying explanation for several forms of short-term presynaptic plasticity.
One of the most remarkable properties of synapses is their ability to keep track of their history of prior activity. Information about synaptic activity is encoded in various forms of activity-dependent plasticity, both short-term forms of synaptic plasticity that last from milliseconds to minutes and long-term forms of plasticity that persist for 30 minutes or longer. Collectively, these forms of synaptic plasticity control the dynamics of neural circuit function over an incredible range of timescales and are thought to play fundamental roles in information processing by these circuits. As a result, much attention has been focused on understanding their underlying cellular and molecular mechanisms.
The paper by Mochida et al. (2008) in this issue of Neuron examines the molecular mechanisms underlying several forms of short-term synaptic plasticity. All of these forms of plasticity arise from activity-dependent changes in the amount of neurotransmitter released from the presynaptic terminal. Two of these, termed facilitation and augmentation, increase the amount of neurotransmitter released in response to a presynaptic action potential, while another form of plasticity, called depression, has the opposite effect. Even though these forms of plasticity differ in their time courses and in their effects upon neurotransmitter release, all are caused-directly or indirectly-by persistent actions of calcium ions within the presynaptic terminal.
It has been challenging to understand how calcium can regulate so many different kinds of plasticity within the same presynaptic terminal. Because the rate and magnitude of synaptic depression depend upon the amount of neurotransmitter that has been released, conventional wisdom is that depression arises from depletion of a readily releasable pool of synaptic vesicles (Schneggenburger et al., 2002) . Facilitation and augmentation are thought to arise from calcium activating processes that enhance transmitter release: facilitation is most often considered to be due to residual calcium binding to the sensor protein (presumably synaptotagmin) that triggers transmitter release (Katz and Miledi, 1968 ; but see Matveev et al., 2002, and Blatow et al., 2003 , for alternative views), while augmentation is caused by calcium binding to some other protein, perhaps phospholipase C, which then goes on to activate munc-13 (Rosenmund et al., 2002) . Mochida et al. (2008) propose the simplifying hypothesis that all these forms of synaptic plasticity may be caused by a common mechanism, namely calcium-dependent regulation of the presynaptic calcium channels that are responsible for triggering transmitter release.
Support for this new model of shortterm synaptic plasticity comes from cleverly designed experiments examining synaptic transmission in cultured neurons that express recombinant calcium channels. Although these neurons also have other, endogenous calcium channels that usually are responsible for triggering transmitter release, a neurotoxin was used to block these endogenous calcium channels to allow analysis of synaptic transmission that was mediated solely by the engineered channels. Previous work established that calcium sensor (CaS) proteins-such as calmodulin, calcium binding protein 1, neuronal calcium sensor-1, and visinin-like protein-2-can bidirectionally regulate the gating of these calcium channels (Lee et al., 1999; Tsujimoto et al., 2002; Liang et al., 2003; Lautermilch et al., 2005) . Two sites in the cytoplasmic domain of these channels are responsible for calcium-dependent binding to the CaS proteins; binding of CaS proteins to one of these, termed the IQ-like domain, causes calcium channel currents to be enhanced, while binding to the second site, called the calmodulin-binding domain, causes calcium-dependent inactivation of the calcium channel.
Expression of mutant forms of the calcium channels lacking these CaS protein binding sites allowed Mochida et al. (2008) to explore the roles of calcium channel regulation by the CaS proteins in synaptic transmission. Their experiments yielded several results pointing toward the conclusion that regulation of calcium channels by CaS proteins is important for short-term synaptic plasticity. First, expression of calcium channels lacking the CaS-protein-dependent enhancement caused a selective loss of synaptic facilitation. This suggests that calcium-dependent regulation of calcium channels by CaS proteins may underlie facilitation. Second, these mutant channels also caused loss of augmentation, evoked by a train of synaptic activity, indicating a role for CaS-protein-dependent calcium channel regulation in augmentation. Third, expression of calcium channels lacking CaS-protein-dependent inactivation caused a reduction in synaptic depression, indicating that calcium-dependent inactivation of calcium channels by CaS proteins may be responsible for depression. Finally, calcium channels lacking both CaS protein binding sites had very little short-term synaptic plasticity, at least in response to pairs of presynaptic action potentials.
While these results certainly lend strong support to the new hypothesis, they also have several limitations. For technical reasons, it was not possible to measure calcium entry into the presynaptic terminals, so there is no direct proof that presynaptic calcium currents actually are enhanced during facilitation and augmentation or are inactivated during synaptic depression. However, Mochida et al. (2008) did measure calcium currents from the cell bodies of the cultured neurons; while there was qualitative correspondence between the effects of the mutations on somatic calcium currents and synaptic transmitter release, there were a number of quantitative differences between the kinetic behavior of somatic calcium currents and neurotransmitter release from the presynaptic terminals. As the authors point out, such quantitative differences are to be expected because of differences in diffusion and removal of calcium within these two different cellular compartments. Finally, there is some question about whether the synaptic plasticity observed in response to trains of action potentials is really augmentation; while augmentation is supposed to decay with a time constant of a few seconds (Magleby and Zengel, 1975) , the plasticity that was examined in Figure 4 of Mochida et al. (2008) decayed with a time constant of approximately 1 min. Thus, the authors may have been looking at something other than augmentation; a possible candidate is potentiation, which is thought to decay with a time constant on the order of a minute (Magleby and Zengel, 1975) .
The significance of the Mochida et al. (2008) paper is that it proposes a simple answer to a very important and longstanding question. Because the amount of neurotransmitter released from a presynaptic terminal has a very sensitive, fourth-power dependence on the amount of calcium entering the terminal (Augustine et al., 1985; Sakaba and Neher, 2001 ), modulation of presynaptic calcium channels is an elegant means of producing large changes in synaptic transmission with minimal alterations in presynaptic signaling. While there have been previous suggestions that facilitation (Borst and Sakmann, 1998; Tsujimoto et al., 2002) and depression (Forsythe et al., 1998) could arise from such regulation of presynaptic calcium channels, Mochida et al. (2008) provide the first evidence that calcium channel modulation by CaS proteins may be a general mechanism for multiple forms of short-term plasticity. However, there are indications that this may not be the case at all synapses. For example, at the squid giant synapse, both facilitation and depression clearly occur in the absence of any changes in presynaptic calcium currents (Charlton et al., 1982) . At this synapse, augmentation also occurs in the absence of any obvious changes in presynaptic calcium influx (Swandulla et al., 1991) . Even for the case of the synapses examined by Mochida et al. (2008) , some facilitation persists after both of the CaS-proteinbinding sites of the calcium channel were mutated ( Figure 2B of Mochida et al., 2008) , and some depression is evident during repeated synaptic activity even after the calmodulin binding domain is deleted ( Figure 3B ). Thus, while the data of Mochida et al. (2008) clearly establish that calcium channel modulation by CaS proteins can contribute to multiple forms of short-term synaptic plasticity, these data also indicate that other mechanisms must contribute under some conditions.
In conclusion, the work of Mochida et al. (2008) opens up an interesting and provocative new chapter in the pursuit of an answer to the long-elusive question of how presynaptic terminals use shortterm synaptic plasticity to encode information about their prior activity. This paper nicely demonstrates that calcium channel modulation is a potential locus for bidirectional, short-term regulation of transmitter release in response to synaptic activity. The next step will be to address questions that arise as a result of this new insight into presynaptic function. Perhaps the most important question will be to determine how generally calcium channel modulation is employed as a mechanism for short-term synaptic plasticity. As mentioned above, in some cases it appears that such mechanisms play little or no role in regulation of transmitter release, while in other cases they are likely to be very significant. Studies of other types of synapses, perhaps aided by the novel experimental strategy pioneered by Mochida et al. (2008) , should yield an answer to this question. For synapses where calcium channel modulation is important for synaptic plasticity, the next question will be to identify which of the numerous known CaS proteins actually are involved. Molecular genetic manipulation of candidate CaS proteins should provide a relatively straightforward means of answering this question. We look forward to future studies to answer these and other questions arising from this new view of short-term synaptic plasticity.
